In Brief Rattani et al. report that the APC/C Cdh1 moderates the rise in Cdk1 activity as mouse oocytes resume meiosis. This creates a window of low Cdk1 activity shortly after GVBD, which promotes Aurora B/C kinase-dependent removal of shugoshin-2 from chromosome arms, failure of which could result in aneuploidy at the first meiotic division.
SUMMARY
In mammalian females, germ cells remain arrested as primordial follicles. Resumption of meiosis is heralded by germinal vesicle breakdown, condensation of chromosomes, and their eventual alignment on metaphase plates. At the first meiotic division, anaphase-promoting complex/cyclosome associated with Cdc20 (APC/C Cdc20 ) activates separase and thereby destroys cohesion along chromosome arms. Because cohesion around centromeres is protected by shugoshin-2, sister chromatids remain attached through centromeric/pericentromeric cohesin. We show here that, by promoting proteolysis of cyclins and Cdc25B at the germinal vesicle (GV) stage, APC/C associated with the Cdh1 protein (APC/C Cdh1 ) delays the increase in Cdk1 activity, leading to germinal vesicle breakdown (GVBD). More surprisingly, by moderating the rate at which Cdk1 is activated following GVBD, APC/C Cdh1 creates conditions necessary for the removal of shugoshin-2 from chromosome arms by the Aurora B/C kinase, an event crucial for the efficient resolution of chiasmata.
INTRODUCTION
In mitotic cells, each round of chromosome segregation is preceded by DNA replication, and as a result, chromosome numbers remain constant during cell proliferation. Meiosis, in contrast, involves two rounds of chromosome segregation (meiosis I and II) following only a single round of DNA replication and therefore produces haploid gametes with only a single set of chromosomes from diploid germ cells containing complete sets of both paternal and maternal chromosomes [1] .
Another major difference occurs specifically in female germ cells in vertebrates, including all mammals. In mitotic cells, there is usually only a short gap (known as G2) between the completion of DNA replication and the onset of chromosome segregation, which is initiated by a rapid rise in Cdk1 kinase activity. In female mammals, DNA replication and the recombination between nonsister homologous chromatids that creates bivalent chromosomes is completed by the time of birth, but chromosome segregation only takes place periodically upon sexual maturation, which may be many years later [1] .
Thus, following recombination, primordial germ cells surrounded by a single layer of supporting follicular cells arrest for extended periods of time in prophase of meiosis I with low levels of Cdk1 activity associated with mitotic cyclins. These primordial follicles enter a period of growth to become prophase arrested (the germinal vesicle [GV] stage) oocytes but can only resume meiosis and enter prometaphase I when activated by luteinizing hormone [2] or when released from follicular cells in vitro [3] . As occurs during mitosis, a rise in Cdk1 activity accompanies entry into prometaphase I [4] , but curiously this rise is not as abrupt as in mitotic cells [5] [6] [7] .
Two processes regulate Cdk1 activity during the prophase I arrest of oocytes: association with cyclins and phosphorylation by the Wee1 protein kinase [8, 9] . The latter inhibits Cdk1 activity, even during their growth phase [8] . Its eventual reversal by the phosphatase Cdc25B accompanies and is required for germinal vesicle breakdown (GVBD) and the onset of chromosome condensation [10] . Cdk1 is, however, only active when bound to cyclins, whose abundance is therefore also a crucial factor [11] . A key determinant of their levels is the rate of degradation, a process controlled through ubiquitinylation by the anaphasepromoting complex or cyclosome (APC/C) [12] [13] [14] . A major increase in the rate of degradation mediated by APC/C associated with its activator Cdc20 (APC/C Cdc20 ) takes place when all bivalents co-orient on the meiotic spindle, which turns off production of the inhibitory mitotic checkpoint complex (MCC) [15] . This leads to a drop in Cdk1 activity and in the levels of securin, events that lead to activation of separase and thereby cleavage of cohesin holding bivalent chromosomes together [16] [17] [18] . Less well understood is the role of other Cdc20-like APC/C activator proteins. Best characterized is the role of S. cerevisiae's Ama1 [19] . This meiosis-specific WD40 protein generates a form of the APC/C (APC/C Ama1 ) that helps maintain a prophase-like state by preventing premature accumulation of B-type cyclins and a transcription factor that promotes expression of mitotic cyclins [20] . An analogous form of regulation exists in mammals, where APC/C Cdh1 degrades cyclin B during prophase I arrest, blocking entry into metaphase I [21, 22] . Recent work has shown that APC/C Cdh1 also has a key role in maintaining the prolonged prophase arrest of primordial follicles [23] , though how it does so remains unclear, as is the interplay between cyclin degradation and Wee1-mediated Cdk1 phosphorylation.
What is clear is that Cdk1 activation is essential for GVBD, chromosome condensation, and the alignment of bivalents on meiotic spindles [4, 6, 24] . During this process, the Aurora B kinase eliminates kinetochore-microtubule attachments that fail to give rise to tension, whereas the spindle assembly checkpoint (SAC) prevents premature activation of APC/C Cdc20 [25] [26] [27] .
Only when all bivalents have co-oriented, with maternal and paternal kinetochores pulled in opposite directions, is production of the MCC switched off [28] . This induces destruction of B-type cyclins and securin by APC/C Cdc20 and thereby activation of separase, which triggers the resolution of chiasmata by cleaving cohesin's Rec8 subunit along chromosome arms [17, 29, 30] . Crucially, cohesin in the vicinity of centromeres is protected from separase during meiosis I by protein phosphatase 2A (PP2A) bound to the shugoshin-like protein 2 (Sgol2) [31] . By holding chromatids together after meiosis I, centromeric cohesion ensures that dyads and not individual chromatids are generated at meiosis I, which makes possible the bi-orientation of sister kinetochores during meiosis II [32] . Subsequent destruction of centromeric cohesion when separase is re-activated upon fertilization triggers the eventual disjunction of individual chromatids and the creation of haploid gametes.
Using female-germ-cell-specific Cdh1 [33] , Apc2 [34] , and Cdc20 [35] knockouts, we show here that APC/C Cdh1 ensures that meiotic resumption is triggered by and/or accompanied by only a modest increase in Cdk1 activity. This creates a window following GVBD during which the Aurora B/C kinase can promote removal of Sgol2 from chromosome arms and its accumulation at centromeres. By jeopardizing the resolution of chiasmata, a lack of APC/C Cdh1 greatly increases non-disjunction at the first meiotic division. Our finding challenges the preconception that a step change in Cdk1 activity is sufficient to orchestrate chromosome segregation when cells enter M phase [36] but rather reveals that a gradual increase in Cdk1 activity ensures balanced segregation of chromosomes at the first meiotic division.
RESULTS

By Destroying Cyclins and Cdc25B, APC/C Cdh1
Orchestrates a Gradual Increase in Cdk1 Activity after GVBD Cdh1 knockdown at the GV stage increases non-disjunction of chromosomes at the first meiotic division [37] . However, at the metaphase to anaphase transition, APC/C conjugates with Cdc20 (APC/C Cdc20 ) to activate separase and bring about segregation of chromosomes [29] . Therefore, to investigate the role of APC/C Cdh1 at the first meiotic division, we deleted Apc2 and Cdh1 specifically from germ cells by crossing Apc2 f/f and Cdh1 f/f females with transgenic males expressing Cre recombinase under either growth-differentiation-factor-9-promotermediated promoter (Gdf9-iCre), expressed in all oocytes from day 3 after birth [38] , or zona pellucida 3 promoter (Zp3-Cre), expressed only after oocytes enter the growth phase. As in the case of Apc2 f/f Zp3Cre and Cdc20 f/f Zp3Cre [26, 29] , Apc2 f/f Gdf9-iCre females were completely infertile. In contrast, Cdh1 f/f Gdf9-iCre females produced a litter at 6-12 weeks, albeit one with fewer pups than littermate controls. Despite this early fertility, all Cdh1 f/f Gdf9-iCre females were infertile by early adulthood (i.e., after 12 or 13 weeks) and had atrophied ovaries. Crucially, primordial follicles were rapidly depleted (unpublished data).
Even though the conditional Cdh1 knockout females quickly exhausted the primordial follicles, they still produced a few fully mature oocytes until about 7 weeks post-birth, though about one-third of those had undergone GVBD and resumed meiosis in vivo ( Figure 1A) . Even in the oocytes arrested at the GV stage GVBD rates for each of the indicated genotypes are plotted as a percentage of the total oocytes observed. Mean and SDs are displayed, and the number of females used is indicated (n). (B) GV-stage oocytes harvested in the presence of IBMX were released into the M16 medium. The kinetics of GVBD was captured using a time-lapsed confocal microscope. Microinjections were performed at GV stage in the presence of IBMX. The number of oocytes analyzed is indicated (n). (C and D) GV-stage oocytes harvested from ovaries isolated from 4-week-old females were immunoblotted for cyclin B1 (C) and Cdc25B (D). Actin was used as loading control. One hundred twenty GV-stage oocytes were pooled for each lane. (E) Fully grown GV-arrested oocytes were immunoblotted for phospho-Cdk1 (Tyr15) and Cdk1. For each lane, 120 GV-stage oocytes were pooled. (F) GV-stage oocytes harvested from the indicated genotypes were imaged for 18 hr. The kinetics of GVBD is displayed. The number of oocytes imaged is indicated (n). (G and H) Cdk1 kinase activity was estimated using in vitro phosphorylation of histone H1. Oocytes from Cdh1 f/f and Cdh1 f/f Gdf9-iCre (G) and Cdc20 f/f , Cdc20 f/f Zp3Cre, and Cdc20 f/f Zp3Cre microinjected with D90-cyclin B1 (H) ovaries at GV, GVBD, and 20 and 40 min post-GVBD were incubated with radiolabeled ATP and histone H1. Samples were resolved on SDS-PAGE gels, and incorporated radioactivity was imaged. (I) GV-stage oocytes from each of the indicated genotypes depicted were immunoblotted for Cdh1 or Apc2 to confirm depletion. Actin was used as a loading control. Extracts from Apc2 f/f and Apc2 f/f Zp3Cre were also immunoblotted for cyclin B1 and Cdc2-Y15P. For each lane, cell lysates from 120 GV-stage oocytes were loaded. Except for the Cdh1 Gdf9-iCre knockout and control ovaries, which were isolated at 4 weeks post-birth due to rapid depletion of the primordial follicles, ovaries from all other crosses were isolated at 6 weeks post-birth. For Apc2 knockout results, see Figure S1 . by IBMX in vitro, onset of GVBD upon release was accelerated and more efficient when Cdh1 was depleted ( Figure 1B ). The fact that microinjection of Cdh1 mRNA into GV oocytes had the opposite effect implies that the APC/C Cdh1 is actively engaged in destroying substrates that promote GVBD in fully grown GV-arrested oocytes ( Figure 1B) .
Western blot analysis of cell lysates from the fully mature GV stage oocytes revealed that both cyclin B1 and Cdc25B were elevated in oocytes lacking Cdh1 ( Figures 1C and 1D ). These increases were accompanied by an increase in Cdk1-Y15P ( Figure 1E ), suggesting that many, but not all, excess cyclin B/Cdk1 complexes may be inhibited by Wee1-mediated Y15 phosphorylation. Furthermore, simultaneous depletion of Cdc25B in Cdh1 knockout ovaries greatly reduced and delayed GVBD in vitro ( Figure 1F ), suggesting that loss of Cdh1 accelerates GVBD by elevating Cdk1 activity.
To investigate the consequences of this enlarged pool of latent Cdk1, we measured its kinase activity in oocytes following GVBD in vitro, comparing those from Cdh1 f/f and Cdh1 f/f Gdf9-iCre females. This revealed that Cdh1 depletion increased by severalfold the rise in Cdk1 activity following GVBD. In control oocytes, only a modest increase in Cdk1 activity accompanies GVBD and levels continue to rise gradually ( Figure 1G ) [5] [6] [7] . In contrast, in Cdh1-depleted oocytes Cdk1 activity increases precipitously at GVBD and remains high ( Figure 1G ). Greater stability of cyclin B1 is presumably responsible for this phenomenon, as it can be reproduced merely by injecting oocytes lacking Cdc20 with mRNA encoding a non-degradable form of cyclin B1 (D90-cyclin B1; Figure 1H ).
Studying the consequences of this major change in Cdk1 dynamics is greatly complicated by the depletion of primordial follicles in Cdh1 f/f Gdf9-iCre females, which therefore produce insufficient numbers of oocytes to study. To alleviate this problem, we used a different Cre-expressing transgene, namely Zp3Cre, which expresses Cre from the Zona pellucida 3 promoter only after commencement of the oocyte's growing phase [38, 39] . We assumed that the depletion of primordial follicles observed in Cdh1 f/f Gdf9-iCre females is a developmental-stage-specific process and would not take place when Cdh1 is depleted solely during the growing phase. Unfortunately, oocytes from Cdh1 f/f Zp3Cre females still contain high levels of Cdh1 ( Figure 1I ), suggesting that its mRNA and/or protein is stable during the growing phase, even though this lasts over 2 weeks.
To circumvent our inability to deplete Cdh1 solely during the oocyte's growing phase, we tested whether depletion of a core subunit of the APC/C, namely Apc2, would achieve the same goal. The gene products of the Apc2 gene are more unstable than those of Cdh1, and western blotting revealed little or no Apc2 protein in GV-stage oocytes from Apc2 f/f Zp3Cre oocytes ( Figure 1I ). Indeed, it has already been established that these oocytes cannot destroy securin and cannot therefore undergo meiosis I [26] . Because APC/C Cdc20 has little or no role until the onset of cyclin B1 and securin proteolysis shortly before the first meiotic division and because Cdc20 and Cdh1 appear to be the sole accessory APC/C factors in mammals, Apc2 depletion should phenocopy that of Cdh1. Consistent with this notion, oocytes from Apc2 f/f Zp3Cre females contained high levels of cyclin B1 and Cdk1-Y15P at GV stage ( Figure 1I ). They also had a higher fraction of oocytes that had already undergone GVBD upon isolation ( Figure S1A ). Moreover, entry into meiosis was accelerated after release from IBMX arrest and oocytes resumed meiosis with persistently high Cdk1 activity (Figures S1B and S1C), comparable to that observed in oocytes from Cdh1 f/f Gdf9-iCre females. Because no such effect is observed in oocytes from Cdc20 f/f Zp3Cre females ( Figure 1H ), we assume that their high Cdk1 activity is due exclusively to loss of APC/C Cdh1 activity.
Destruction of Cyclins by APC/C Cdh1 Facilitates Removal of Sgol2 from Chromosome Arms
A curious aspect of chromosome behavior during meiosis I is the localization of the Sgol2 along the arms of bivalent chromosomes after post-GVBD [31, 40] . Sgol2's relative abundance at arms declines, and it accumulates in the vicinity of kinetochores by the time bivalents co-orient on meiosis I spindles (metaphase I; Figures 2 and S2). To observe these changes in living cells, we imaged chromosomes using time-lapse confocal microscopy following microinjection of mRNAs encoding a GFPtagged version of Sgol2 into sgol2 D/D and Cdc20 f/f Zp3Cre oocytes, which arrest in metaphase I (Figures 2A, 3A , and S2A). Like endogenous Sgol2, GFP-tagged Sgol2 initially localized along the arms of bivalents. Its subsequent restriction to kinetochores (a process complete between 4 and 8 hr post-GVBD) was accompanied by a decline in its abundance on chromosome arms (Figures 2, 3A, 3B, S2A, and S2B). Association with kinetochores also declined after 8 hr, that is, during the period they arrest in metaphase I due to loss of APC/C Cdc20 activity (Figures 3A, 3B, and S2C). Similar results were observed with Separase f/f Zp3Cre oocytes (data not shown).
Surprisingly, GFP-tagged Sgol2 behaved very differently in oocytes lacking Apc2; it persisted on chromosome arms throughout the time course, even 14 hr post-GVBD, by which time it was no longer associated with kinetochores (Figures 3A and 3B). Similar results were observed in Cdh1-depleted oocytes arrested in metaphase I by microinjection of Mad2 mRNA ( Figures S3A and S3B ). Microinjection of D90-cyclin B1 mRNA at GV stage into Cdc20 knockout oocytes also caused retention of Sgol2 on chromosome arms, suggesting that retention in oocytes lacking Apc2 is due to their elevated Cdk1 activity. Retention of Sgol2 on chromosome arms 14 hr post-GVBD in Apc2-depleted, but not Cdc20-depleted, oocytes was also observed using immunofluorescence staining of endogenous Sgol2 on chromosome spreads ( Figures 3C and 3D ). Thus, persistent hyper-activation of Cdk1 at GVBD is accompanied by a failure several hours later in dissociation of Sgol2 from chromosome arms.
Phosphorylation of Sgol2 by Aurora B/C Kinase Is Essential for Sgol2's Dissociation from Chromosome Arms
We have previously reported that microinjection of mRNAs encoding a mutant version of Sgol2 missing Aurora B/C phosphorylation sites (T521A T600A) within two of the four tandem ''Sgol2'' repeats located between the N-terminal PP2A binding coiled coil and a C-terminal domain involved in centromere recruitment increased PP2A recruitment on the arms ( Figure S4A ) [31] . Further analysis revealed that the mutant Sgol2 greatly hinders the resolution of chiasmata and thereby causes appreciable A B Figure 2 . Following GVBD, Sgol2 Localizes on the Chromosome Arms and Kinetochores, and It Gradually Concentrates on Kinetochores during Late Metaphase (A) GV-stage oocytes harvested from Sgol2-deleted females were microinjected in M2 medium supplemented with IBMX with mRNA encoding GFP-Sgol2 and H2B-mCherry. After 1 hr of incubation, oocytes were released, and time-lapse confocal microscope images were captured for 12-14 hr following GVBD. Representative Z-projected images are displayed. (B) GV-stage oocytes harvested from wild-type control females were cultured for 2, 4, and 6 hr following GVBD. Chromosome spreads prepared at the indicated times following GVBD were stained for DNA (blue), Sgol2 (red), and CREST (green). See also Figure S2 . [31] . Live imaging of Cdc20 f/f Zp3Cre oocytes microinjected with wild-type or T521A T600A mutant GFPtagged Sgol2 mRNAs revealed that the latter, but not the former, persisted on chromosome arms, even after 14 hr, which is long after Cdc20 depletion will have prevented the oocytes from undergoing the first meiotic division ( Figures 4B and 4C ). Consistent with the notion that phosphorylation of T521 and T600 by Aurora B/C kinases is necessary for Sgol2's dissociation from chromosome arms, incubation of Cdc20 f/f Zp3Cre oocytes with AZD1152, a specific Aurora B/C inhibitor, had a similar effect ( Figures 4B and 4C) .
APC/C Cdh1 Facilitates Aurora B/C Kinase-Dependent Phosphorylation of Sgol2
To test whether retention of Sgol2 on chromosome arms in oocytes lacking Apc2 is caused by its reduced phosphorylation, we stained chromosome spreads using an antibody specific for T521 phosphorylation [41] . This revealed that oocytes from Apc2 f/f Zp3Cre females had lower levels of Sgol2 T521 phosphorylation along chromosome arms than those from Apc2 f/f littermates at 4 hr post-GVBD ( Figure 5A ). MCAK's recruitment to kinetochores, another event known to depend on Sgol2's phosphorylation by Aurora B/C, was also reduced in oocytes lacking Apc2 ( Figure 5B ), despite normal levels of this kinase on chromosome arms ( Figure 5C ). As in the case of oocytes expressing T521A T600A Sgol2 instead of wild-type, the reduction in MCAK at kinetochores was accompanied by stretching of bivalent chromosomes during metaphase in oocytes from Apc2 f/f Zp3Cre females, but not those from Apc2 f/f littermates or Cdc20 f/f Zp3Cre females ( Figure 5D ), giving rise to greater distances between maternal and paternal kinetochores in Apc2-deficient oocytes. Likewise, depletion of Apc2, but not that of Cdc20, caused chromosomes to enter the ball phase and to co-orient their kinetochores earlier than wild-type ( Figure 5D ), as has been found in oocytes expressing high levels of Sgol2 with low Aurora B/C kinase activity [31] . Importantly, similar results were observed in oocytes from Cdc20 f/f Zp3Cre females microinjected with D90-cyclinB1 mRNA ( Figure S5 ). On the basis of these observations, we suggest that Sgol2's dissociation from chromosome arms in response to its phosphorylation by Aurora B/C kinase needs APC/C Cdh1 to prevent a precipitous rise in Cdk1 activity at the onset of GVBD.
APC/C Cdh1 -Dependent Removal of Sgol2 from Chromosome Arms Prevents Chromosome Missegregation at the First Meiotic Division
Sgol2 protects centromeric cohesion at the first meiotic division by preventing cleavage of Rec8 at this location [31, 32] . Retention of Sgol2 on chromosome arms due to the T521A T600A mutations hinders chiasmata resolution and is accompanied by non-disjunction at meiosis I ( Figure 4A) . Similarly, loss of Cdh1 is associated with chromosome missegregation at the first meiotic division [37, 42] . Mislocalization of Sgol2 in oocytes lacking either Apc2 or Cdh1 might therefore be expected to have a similar effect. This is difficult to address in the case of Cdh1 f/f Gdf9-iCre females because of their ovarian failure and impossible to measure in the case of Apc2 f/f Zp3Cre females because a lack of APC/C Cdc20 activity causes arrest in metaphase I. However, microinjection of Apc2 mRNA into Apc2 f/f Zp3Cre oocytes should restore APC/C Cdc20 and thereby anaphase. If mRNAs are injected after GVBD, then the high levels of Cdk1 activity due to the lack of APC/C Cdh1 will prevent any activity due to this form of the APC/C and meiosis will proceed with APC/C Cdc20 alone. If, however, mRNAs are injected at the GV stage, then they should restore both APC/C Cdh1 and APC/C Cdc20 activity and meiosis I should take place normally. Aneuploidy measured following the first meiotic division was observed in 12% of Apc2 f/f oocytes (controls) and in 13% of Apc2 f/f Zp3Cre oocytes injected with Apc2 mRNA at the GV stage. In contrast, 40% of Apc2 f/f Zp3Cre oocytes produced aneuploid eggs when Apc2 mRNA was injected 3 or 4 hr post-GVBD. Features unique to these oocytes were mislocalization of Sgol2, fusion at non-centromeric locations, and precocious splitting of sister centromeres, which often resulted in formation of single chromatids at first meiotic division ( Figure 6A ).
Cdh1 f/f Gdf9-iCre oocytes exhibited a similar set of phenotypes ( Figure 6B ), confirming that they are caused by a lack of APC/C Cdh1 activity. Importantly, chromosomes with fusions between non-centromeric regions were rarely if ever produced when Apc2 mRNA was injected into Apc2 f/f Zp3Cre sgol2 D/D double-knockout oocytes at the prometaphase stage (Figure 6C ), implying that this phenotype is caused by the abnormal behavior of Sgol2. As expected, these double-mutant oocytes exhibited the high rates of aneuploidy (25%) characteristic of single sgol2 D/D mutant oocytes (20%) as well as formation of single chromatids due to the lack of any retention of centromeric cohesion ( Figure 6C ). (A) GV-arrested oocytes harvested from sgol2 D/D were microinjected with wild-type Sgol2 or T521AT600A Sgol2 mRNA in IBMX-containing media. After 1 hr in IBMX-containing media, oocytes were cultured in M16 medium for 12 hr following GVBD. Chromosome spreads were performed on oocytes that had extruded a polar body and were stained for DAPI (blue), CREST (green), and anti-Sgol2 (red). See also Figure S4. (B) GV-arrested oocytes harvested from Cdc20 f/f Zp3Cre mice were microinjected with GFP-Sgol2 (green) and H2B-mCherry (red) mRNA (first row) or with GFP-T521AT600A-Sgol2 (green) and H2B-mCherry (red) mRNA (second row). To test whether the Aurora B/C kinase is required for the removal of Sgol2 from chromosome arms, oocytes were cultured in M16 medium supplemented with AZD1152 (100 nM; third row). Representative Z-projected, time-lapse confocal microscope images are displayed. Times displayed are relative to the GVBD. The scale bar represents 10 mm.
(C) GFP-Sgol2 intensity on chromosome arms at 14 hr was normalized by GFP-Sgol2 intensity on chromosome arms at the prometaphase stage. Cdc20 knockout oocytes retained higher levels of GFP-T521A T600A Sgol2 (p < 0.0001) and wild-type GFP-Sgol2 when cultured with Aurora inhibitor (AZD1152; p < 0.0001). Mean and SDs are displayed, and the number of oocytes evaluated is indicated (n). Mathematical Model of Meiotic Entry To explore the consequences of the interplay between APC/C Cdh1 -dependent cyclin degradation and the Cdk1 phosphorylation switch, we created a simple mathematical model ( Figure 7A ) and analyzed the qualitative dynamics of the system. The steady-state activity of APC/C Cdh1 (red curve, Figure 7B ) is a sigmoidal decreasing function of cyclin B/Cdk1 because Cdk1 phosphorylation inhibits Cdh1 binding to APC/C [43] . The steady-state activity of Cdk1 (blue curve, Figure 7B ) is initially bistable with respect to Cdh1 as a result of double-negative/positive feedback loops between Wee1/Cdc25 and Cdk1. [8, [44] [45] [46] upon meiotic resumption shifts the Cdk1 steady-state curve upward, eliminating the GV-arrested state ( Figure 7C) . The system therefore becomes irreversibly committed toward the other stable ''attractor'' in the bottom right corner with high Cdk1 and low APC/C Cdh1 activities, corresponding to prometaphase.
Time course simulations ( Figure 7D) show that, at GVBD, an initial rapid fall in Wee1 and rise in Cdc25 activity allows Cdk1 activity to increase almost to the level of total CycB, as inhibitory tyrosine phosphorylation is lost. However, accumulation of cyclin B and Cdc25B is initially slow, because APC/C Cdh1 remains active and continues to delay the transition into prometaphase until it becomes gradually inactivated by cyclin B/Cdk1. Therefore, in contrast to mitosis, inactivation of Cdk1 inhibitory phosphorylation before APC/C Cdh1 provides a gradual increase of cyclin B and Cdk1 activity during meiotic resumption. In the absence of APC/C Cdh1 , Cdk1 activation becomes fast and similar to mitosis, because inhibitory phosphorylation is the only factor holding back Cdk1 activation ( Figure S6 ).
Our model suggests that the regulatory mechanisms controlling cyclin B degradation and Cdk1 activation have different physiological functions during meiotic progression. Partial inactivation of inhibitory Cdk1 phosphorylation results in a small increase in Cdk1 activity, which initiates the slow process of Cdh1 inactivation and cyclin B accumulation. Once Cdh1 has fallen below a threshold level, cyclin B rapidly accumulates, leading to full Cdk1 activation. In this model, partial inactivation of inhibitory phosphorylation acts as a spark, which initiates a slow-burning fuse of cyclin B accumulation, eventually leading to full Cdk1 activity.
DISCUSSION
Ubiquitinylation, and hence degradation, of proteins by the APC/C depends on their recruitment by a pair of related WD40 repeat proteins called Cdc20 and Cdh1. In addition to having different substrate specificities, Cdc20 and Cdh1 are active at different stages of the cell cycle. Whereas APC/C containing Cdc20 (APC/C Cdc20 ) is active following activation of Cdk1 by the mitotic cyclins A and B, APC/C containing Cdh1 (APC/C Cdh1 ) is usually only active following inactivation of Cdk1 through the destruction of cyclins A and B at the hands of APC/C Cdc20 at the onset of anaphase [47] . APC/C Cdh1 remains active for most of the subsequent G1 period and prevents accumulation of factors that promote the onset of S phase [48, 49] . Its activity is restricted during G2 and M phases by two mechanisms, namely phosphorylation by Cdk1 and accumulation of an inhibitory chaperone called EMI1 [43, 48, 50, 51] . This inactivity is crucial for the accumulation of mitotic cyclins and hence for entry into M phase. In certain cell types, precocious activation of APC/C Cdh1 during G2 phase prevents the accumulation of mitotic cyclins after S phase and thereby has a key role in orchestrating endoreplication instead of mitosis [33, 52, 53] .
In mammalian meiosis, APC/C Cdh1 regulates levels of cyclins and Cdc25B and thereby delays entry of immature oocytes into meiosis. Because Cdk1 activation requires both binding of cyclins and the Cdc25B-dependent removal of Cdk1 phosphorylation, then how does a wild-type oocyte finally escape APC/C Cdh1 -dependent G2 arrest? The G2/M transition of mitotic cells, which is equivalent to GVBD in oocytes, has hitherto been thought to be triggered by a rapid rise in Cdk1 activity brought about by switch-like inactivation of inhibitory Cdk1 phosphorylation [36, 54] . However, unlike GV-arrested oocytes, mitotic G2 cells have high cyclin B levels because APC/C Cdh1 is switched off much earlier in the cycle (at the G1/S transition) by Cdk phosphorylation [48] . Because during the corresponding GV stage of meiosis both APC/C Cdh1 and the Cdk1 phosphorylation are regulating Cdk1 activity, complete activation of Cdk1 activity during meiosis requires inactivation of both of these inhibitions. The second function of APC/C Cdh1 revealed by our studies is equally surprising. APC/C Cdh1 ensures that activation of Cdk1 accompanying GVBD is gradual not abrupt. It is also crucial for the subsequent dissociation of Sgol2 from the arms of bivalent chromosomes, a process important for their efficient conversion to dyad chromosomes at the first meiotic division. Because persistence of Sgol2 on the arms of bivalent chromosomes is also observed in oocytes injected with mRNA encoding To prevent metaphase arrest, Apc2 f/f Zp3Cre oocytes were microinjected with Apc2 mRNA either at GV stage or after 3 or 4 hr post-GVBD. Oocytes were cultured for 12-14 hr following GVBD, and chromosome spreads were performed on oocytes that had extruded a polar body. Slides were stained with DAPI (blue), CREST (green), and anti-Sgol2 (red). Stacked bar plot indicates the incidence of aneuploidy in each group. The number of oocytes examined is indicated (n). (B) Oocytes harvested from the Cdh1 f/f and Cdh1 f/f Gdf9-iCre ovaries were cultured in medium supplemented with IBMX. A group of Cdh1-deleted oocytes were microinjected with Cdh1 mRNA at the GV stage. Oocytes were matured in the M16 medium for up to 12 hr. Chromosome spreads, prepared from oocytes that had extruded the first polar body, were stained with DAPI (blue), CREST (green), and anti-Sgol2 (red). The frequency of aneuploidy was quantified. The number of oocytes analyzed is indicated by n. (C) Oocytes harvested at the GV stage from Apc2 f/f Zp3Cre sgol2 D/D females were microinjected at 3 or 4 hr post-GVBD with Apc2 mRNA. Chromosome spreads were prepared from metaphase II stage oocytes from sgol2 D/D , and Apc2 f/f Zp3Cre sgol2 D/D microinjected with Apc2 mRNA were stained with DAPI (blue), CREST (green), and anti-Sgol2 (red). The incidence of aneuploidy was quantified. The number of oocytes studied is indicated (n). Detailed analysis of Cdh1, Cdc25B, and Cdh1 Cdc25B double knockout is presented in Figure S6 .
non-degradable cyclin B1 (D90), we suggest that this phenotype is caused by persistent hyper-activation of Cdk1 at GVBD caused by excessive accumulation of cyclin B and not of some other target protein. Nonetheless, we cannot at present exclude the possibility that D90-cyclin B1 exerts its effect on Sgol2 removal from chromosome arms by inactivating Cdh1 and thereby blocking degradation of some other key target of APC/C Cdh1 . If we are correct that excessive accumulation of cyclin B prior to GVBD is responsible for the subsequent failure of Sgol2 to dissociate from chromosome arms in oocytes lacking APC/C Cdh1 , then the implication is that the precise kinetics of Cdk1 activation at GVBD are vital for orchestrating the successful segregation of chromosomes at meiosis I. The level of Cdk1 activity rises only gradually during the first few hours following GVBD in wild-type oocytes [5] [6] [7] but jumps immediately to maximal levels in the absence of APC/C Cdh1 , and we surmise that the window of moderate Cdk1 activity that normally follows GVBD is crucial for Sgol2's removal from chromosome arms.
Aurora-B-mediated phosphorylation promotes Sgol1, a mitotic paralog of Sgol2, translocation from chromosome arms [55] , suggesting that the removal of Sgol2 from chromosome arms might be independent of Sgol2's interaction with MCAK as Sgol1 does not bind to this motor protein. Moreover, it suggests that Sgol2's removal might depend directly on its phosphorylation by Aurora B/C kinases. How might excessively rapid activation of Cdk1 interfere with this process? One possibility is that the abrupt rise in the Cdk1 activity at GVBD decreases Aurora B/C kinase activity. Supporting this, we observed the microinjection of non-degradable cyclin B1 reduced phosphorylation of Ser24 on Knl1 (p-Knl1) in wild-type oocytes (data not shown). However, we are not able to rule out the possibility that the abrupt rise in Cdk1 activity might directly affect Sgol2's interaction with cohesin or other binding partners.
Irrespective of the mechanism, our observations on oocytes lacking APC/C Cdh1 reveal that the association of shugoshins with chromosomes is under highly complex spatial and temporal control. In mitotic cells, Sgol1's association with pericentromeric sequences is thought to depend on prior recruitment to centromeric sequences associated with kinetochores where phosphorylation of histone H2A by Bub1 creates a Sgol1 binding site [56] . A similar phenomenon may pertain also to Sgol2 during meiosis. However, a third pool of Sgol2 exists in oocytes embarking on the first meiotic division, namely one associated with chromosome arms. Because this pool is also associated with PP2A, it must be removed by the time cells activate separase. Two of the deepest mysteries about shugoshins are why they undergo these complex localization events and why they are mediated by such complex regulatory mechanisms.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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We thank members of the Nasmyth and Novak laboratories for discussions and advice. We are grateful to Iain Cheeseman, Duane A. Western Blotting Fully grown oocytes at the GV stage were washed in PBS/PVA, lysed in SDS sample buffer, boiled at 90 C for 10 min, snap-frozen and stored at À80 C until further use. For western blotting, samples were thawed on ice and pooled together. Proteins were resolved on 4%-12% Bis-Tris gels (NuPAGE; Invitrogen) and transferred using a semi-dry method onto PVDF membranes (Immobilon-P; Millipore). Following transfer, membranes were blocked for 1 hr at room temperature in blocking solution containing 5% nonfat milk and 0.05% Tween in PBS. After one wash with PBS with 0.05% Tween 20 (PBT), membranes were incubated with antibodies against 
H1 Kinase Assay
Five oocytes at each of the time points were placed in 1.5 mL Eppendorf tubes containing 10 mL of kinase assay buffer (50mM TrisHCl pH7.5, 10 mM Mgcl2, 1mM DTT). After a gentle spin, samples were snap frozen in liquid nitrogen and then stored at À80 C until further processing. After removing from À80 C, samples were thawed and centrifuged at 13,000 rpm for 10 min at 4 C. The supernatants were collected in new 1.5ml tubes at 4 C. 1mM ATP, 2 mg Histone H1, and 10 mCi gamma-ATP in a total volume of 10 mL of kinase assay buffer was then added to each of the tubes containing the 10 mL oocyte lysates. Samples were subsequently incubated at 37 C for 30 min. The reaction was terminated by adding 7 mL of SDS-PAGE protein sample buffer and boiling the mixture at 100 C for 10 min. Samples were resolved on 4%-12% Bis-Tris gels (NuPAGE; Invitrogen). After Coomassie staining to visualize the Histone H1, gels were dried and incorporated radioactivity was measured.
Data Analysis and Plotting
Live cell confocal and chromosome-spread images were imported into Fiji (ImageJ) software [60] . After background subtraction, intensities were calculated using the ImageJ intensity calculation module. Data were then exported to an Excel sheet and after normalization plotted with Prism 6.0 (GraphPad) software.
For spindle length calculations, multiple measurements were calculated from each of the z-projected images at the metaphase stage. Mean and standard deviations were then plotted using the Prism 6.0 (GraphPad) software. Figure 1A . In Figure 1A , n represents the number of females examined. No statistical method was used to predetermine sample size. Statistical analysis was performed using the Prism 6.0 software.
QUANTIFICATION AND STATISTICAL ANALYSIS
Computational Protein Sequence Analysis
Alignments were produced with T-Coffee [62] , using default parameters, slightly refined manually and viewed with the Belvu program [63] . Profiles of the alignments, as global hidden Markov models (HMMs), were generated using HMMer2 [64] . Homologous protein sequences were identified by iterative similarity searches with HMMer2 against the Uniprot database [65, 68] . Repeats in Sgol2 family were identified by iterative similarity searches using HMMer2, including intermediate steps of semi-automatic changes in repeats boundaries, aiming to maximize the number of consecutive non-overlapping repeats per protein sequence.
Mathematical Model
An ordinary differential equation (ODE) model was developed based on the Novak and Tyson (1993) model [36] for Xenopus oocytes and embryos, with the following modifications. APC/C Cdc20 is replaced by APC/C Cdh1 , which is inhibited by Cdk1-dependent phosphorylation in the same manner as Wee1B. Cdc25B, rather than being present at a constant level, is synthesized at a constant rate and degraded in an APC/C Cdh1 -dependent manner. The model is defined by six ordinary differential equations (ODEs), which describe the interactions between APC/C Cdh1 , cyclin B/Cdk1, Wee1B and Cdc25B (henceforth referred to in the context of the model as Cdh1, Cdk1, Wee1 and Cdc25) and four algebraic conservation equations. For analytical purposes, the model was reduced to a two-dimensional form by assuming that the activities of Wee1B and Cdc25B, as well as the levels of cyclin B and Cdc25B, are in pseudo-steady states. This simplified model allowed us to plot phaseplane diagrams showing balance curves of the two dynamic variables (Cdk1 and Cdh1) and to estimate the steady states of the whole control system.
The default parameter set of the model simulates a wild-type GV-arrested state. To initiate GVBD, the Wee1B activation rate and Cdc25B inactivation rate were reduced to 20% of their initial value (VaWee = Vi25 = 0.075), to simulate loss of PKA activity.
